I n t r o d u c t i o n . -F o r many y e a r s i t was b e l i e v e d t h a t t h e e l e c t r i c a l p r o p e r t i e s o f chalcogenide g l a s s e s cannot be m o d i f i e d b y doqing f o r t h e reason t h a t i n t h e amorphous s t a t e each atom can have t h e number o f neighbours r e q u i r e d f o r a l l i t s valence e l e ct r o n s t o f o r m bonds. E x p e r i m e n t a l l y i t was found t h a t t h e chalcogenide glasses, e x c e p t a few cases, a r e n -t y p e semiconductors. The dominating h o l e c o n d u c t i o n was a s c r i b e d t o a l o c a t i o n o f t h e Fermi l e v e l somewhat c l o s e r t o t h e m o b i l i t y edge of t h e valence band than mid-gap. I n o r d e r t o e x p l a i n t h e o i n n i n g o f t h e Fermi l e v e l , Davis and Y o t t ( 1 ) proposed t h e e x i s t e n c e o f compensating deep donors and acceptors. The o r i g i n o f these gap s t a t e s was a t t r i b u t e d by Y o t t e t a l . ( 2 ) t o p o s i t i v e l y
and n e g a t i v e l y charged d a n g l i n g bonds, D+ and D-, o f equal c o n c e n t r a t i o n . Kastner e t a l . ( 3 ) p r o v i d e d a more p r e c i s e model f o r t h e s t r u c t u r e o f t h e d e f e c t s which t h e y c a l l e d v a l e n c e -a l t e r n a t i o n c e n t r e s . I n f o l l o w i n g papers, M o t t ( 4 ) , Kastner ( 5 ) and F r i t z s c h e e t a l . ( 6 , 7 ) discussed t h e e f f e c t o f c e r t a i n charged i m p u r i t i e s on t h e e l e c t r i c a l c o n d u c t i v i t y o f chalcogenide glasses. They p o i n t e d o u t t h a t , when t h e a d d i t i v e s a l t e r t h e r a t i o o f t h e c h a r~e d d a n g l i n g bonds, t h e c o n d u c t i v i t y may be increased b y many o r d e r s o f magnitude and even r e v e r s a l o f conduction t y p e may occur. I n r e c e n t s t u d i e s , Tohge and coworkers (8, 9 ) r e p o r t e d t h a t Gep0Se80-,Bi, and Se2 S e 7 0 -~T e~~B i~ show a s i g n r e v e r s a l o f t h e thermo?ower from p t o n a t a g i v e n B i con?ent. Because o f t h i s unique f e a t u r e i t seemed i n t e r e s t i n g t o us t o s t u d y t h e B i doped Ge-Se and Ge-Se-Te systems i n d e t a i l b y p e r f o r m i n g measurements o f dc e l e c t r ic a l c o n d u c t i v i t y , thermoqower and H a l l e f f e c t . F o r comparison t h e e f f e c t o f o t h e r a d d i t i v e s , such as .4s, Cu and I n , on t h e e l e c t r o n i c :rooerties o f Ge-Te glasses was a l s o examined.
Experimental procedures .-The m a t e r i a l s were preoared i n t h e c o n v e n t i o n a l way by m e l t i n g a m i x t u r e o f t h e oure elements i n q u a r t z tubes a t 1050°C f o r 48 hours w i t h continuous r o t a t i o n . The m e l t was t h e n quenched i n i c e -w a t e r . A f i r s t group o f mater i a l s had t h e c o m p o s i t i o n (GeSe3.5)100-xBix, w i t h x i n t h e range 0 t o 20 a t . %. The g l a s s f o r m i n g r e g i o n as checked b y X-ray d i f f r a c t i o n extends t o 14 a t . % B i . I n a second s e r i e s o f m a t e r i a l s t h e B i c o n t e n t was k e p t constant, whereas selenium was p a r t l y r e p l a c e d by t e l l u r i u m y i e l d i n g a l l o y s o f c o m p o s i t i o n (GeSe3.5-xTey)93Bil~. A t h i r d group c o n t a i n e d a l l o y s o f t h e t y n e GeTe6 i n which some Te i s s u b s t i t u t e d by As, Cu and I n . The g l a s s f o r m i n g a b i l i t y i n t h e B i doped Ge-Se and Ge-Se-Te systems i s r e l a t i v e l y s m a l l . The homogeneity o f these glasses was examined by microprobe a n a l y s i s and b y scanning e l e c t r o n microscopy. As-prepared samples k e p t a t room temp e r a t u r e d i d n o t show any microphase s e p a r a t i o n . A f t e r a n n e a l i n g t o about 150°C t h e m a t e r i a l showed a microheterogeneous s t r u c t u r e b u t no o o l y c r j / s t a l l i n i t y was observed. A f t e r t h i s process o f phase s e p a r a t i o n , r e c r y s t a l l i z a t i o n s t a r t s around 250°C.
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Results and discussion.-The thernopower S o f the (GeSe3.5)100-xBix glasses measured a t 400 K i s p l o t t e d i n f i g u r e 1 as a f u n c t i o n o f the B i content. The f i g u r e shows t h a t the s i g n o f the thermopower changes from p o s i t i v e t o negative a t x approximatel y equal t o 7 a t . % B i . I n the c r y s t a l l i n e m a t e r i a l obtained f o r x > 18 a t . % e l e ctrons are the dominant charge c a r r i e r s . The composition dependence o f the thermopower a t 300 K f o r c r y s t a l l i n e and amorphous (GeSe3 5-xTex)g~Bil a l l o y s i s shown i n f i g u r e 2. These m a t e r i a l s e x h i b i t n-type c o n d u c t i o n '~n the amorpious s t a t e . I n the c r y s t a l l i n e nhase, which i s obtained f o r x L 1 t h e thermopower i s p o s i t i v e . A glass o f composition (GeSe3Teo 5)96B24 WaS found be p-type. W e a l s o t r i e d t o dope amorphous Se w i t h B i b u t t h e ' a d d i t i o n o f 3 a t . % r e s u l t e d i n c r y s t a l l i z a t i o n o f the mater i a l . Pure c r y s t a l l i n e Se i s a p-type semiconductor whereas t h e thermopower o f Seg7Bi3 becomes negative, probably due t o the presence of seggregated Bi2Se3 which i s n-type as a pure compound.
The (GeSe3Te0.!j)90B110-mobility i s represented in the lower part of the same figure. Corn ared to other chalcogenide systems, the Hail mobility i s very low (pH = 10-2 cm-1"-fs-1 a t 370 K) and exhibits, in contrast t o them, a s l i g h t decrease w i t h increasing temperature.
are l i s t e d i n t a b l e I. The marked increase i n c o n d u c t i v i t y when x passes from 8 a t 10 a t . % i s mainly caused by a r e d u c t i o n o f the a c t i v a t i o n energy which amounts t o about 1/3. I n f i g u r e 4 the thekmopower o f f o u r d i f f e r e n t compositions i s p l o t t e d versus r e c i p r o c a l temperature. The s i g n o f the thermopower o f the B i doped a l l o y s i s negative, i n c o n t r a s t w i t h t h e Sb doped glass f o r which p-type conduction was observed. The S vs. 1 0 3 /~ p l o t s d i sp l a y a l i n e a r behaviour and can be represented by the usual formula: S = -k/e (E /kT + A ) . The values o f the a c t i v a t i o n energies ES and o f A are a l s o given i n tab?e I. The most s t r i k i n g f e a t u r e i s t h e higher a c t i v a t i o n energy o f the thermopower as compared t o t h a t o f the c o n d u c t i v i t y .
The appearance of n-type conduction in the Bi doped glasses must result from a s h i f t of the Fermi level towards the mobility edge of the conduction band. As suggested by Mott (4), the electronic properties of chalcogenide glasses can be drastically influenced i f the added in~purities are charged and compensate one type of the The t r a n s p o r t mechanism i n t h e B i doped glasses can be described i n terms o f the Davis-Mott model ( 1 ) f o r the band s t r u c t u r e of an amorphous semiconductor. The values o f the pre-exponentials a. (see t a b l e I ) p o i n t t o conduction i n extended s t ates. The apparently h i g h e r a c t i v a t~o n energy o f the thermopower can be explained i f one takes i n t o account a b i p o l a r t r a n s p o r t process, a r i s i n g from the conduction o f e l e c t r o n s and holes i n the extended s t a t e s o f t h e conduction and valence band.
Composition
The a d d i t i o n o f o t h e r elements, such as As, Cu and I n , i n glasses o f t h e type GeTeg always y i e l d s p-type semiconductors. Figure 6 shows a p l o t o f the thermopower versus r e c i p r o c a l temperature f o r glasses containing these three elements. T h e i r i nc o r p o r a t i o n does n o t enhance the c o n d u c t i v i t y t o a l a r g e e x t e n t . As can be seen from t a b l e I, where oo, E , , ES and EuH values are l i s t e d f o r these glasses, the t r a n s p o r t data show the c h a r a c t e r i s t i c features o f the chalcogenide glasses: ( i ) (2) Wott, N.F., Davis, E.A., Street, R . r , P h i l . Mag. 32 (1975) 
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Ge14Te761n10 charged dangling bonds (D+ o r D-). I n t h a t case they a c t by unpinning t h e Fermi l evel, which i n the undoped chalcogenide glass i s l o c a t e d midway the deep-lying l e v e l s o f t h e D+ and D-d e f e c t centres. I n selenium-rich Ge-Se glasses t h e basic s t r u c t u r a l u n i t i s formed by a tetrahedron c o n t a i n i n g a germanium atom surrounded by f o u r selen i u m~. The e x t r a selenium i n t h e a l l o y forms chains which e n t e r the s t r u c t u r e i n the form of micro-inclusions. It i s supposed t h a t B i i s p r e f e r e n t i a l l y dissolved i n t h e v i t r e o u s selenium chains and forms cross l i n k s by means o f two o f i t s p e l e c t r o n s . To f u l f i l a l l i t s valence requirements B i should capture an e x t r a e l e c t r o n forming a n e g a t i v e l y charged i m p u r i t y . The conpensating charge w i l l be D+ centres which w i l l disappear and, hence, unbalance the r a t i o between D+ and D-. 
